Abstract: Due to rapid urbanization, waterlogging induced by torrential rainfall has become a global concern and a potential risk affecting urban habitant's safety. Widespread waterlogging disasters have occurred almost annually in the urban area of Beijing, the capital of China. Based on a self-organizing map (SOM) artificial neural network (ANN), a graded waterlogging risk assessment was conducted on 56 low-lying points in Beijing, China. Social risk factors, such as Gross domestic product (GDP), population density, and traffic congestion, were utilized as input datasets in this study. The results indicate that SOM-ANN is suitable for automatically and quantitatively assessing risks associated with waterlogging. The greatest advantage of SOM-ANN in the assessment of waterlogging risk is that a priori knowledge about classification categories and assessment indicator weights is not needed. As a result, SOM-ANN can effectively overcome interference from subjective factors, producing classification results that are more objective and accurate. In this paper, the risk level of waterlogging in Beijing was divided into five grades. The points that were assigned risk grades of IV or V were located mainly in the districts of Chaoyang, Haidian, Xicheng, and Dongcheng.
Introduction
China experiences some of the most frequent and severe floods in the world (Sang and Yang 2016) . Because of increasing frequency and duration of heavy rain and a large variability in intra-annual precipitation, Beijing is exposed to high risk of flooding. Particularly over the last decade, heavy rains have led to waterlogging that paralyzes the city every summer flood season. In Beijing, heavy rainfall sustained over a long period causes flooding-termed urban waterlogging. A high probability of urban waterlogging occurs during the summer rainy season, with particularly high frequencies in 2004 , 2008 , 2011 , and 2012 (Sang et al. 2013 . After an extreme rainfall event, a series of disasters are widely reported and draw public attention, including large areas of standing water below urban overpasses, urban traffic interruption, and flash floods and debris flow in mountainous regions.
According to the People's Daily report, urban waterlogging events occurred in about 62% of cities in China during 2008 to 2010, with 137 cities experiencing more than 3 events (Jia 2014) . In some urban areas, waterlogging of low-lying roads has become a major issue during and after rainstorm events, causing many problems in the daily movements of inhabitants. Over the last decade, risk assessment of torrential rain disasters has gained increasing attention, with a primary focus on storm flood characteristics and effects on human activities such as transportation and agricultural production (Xie and Han 2004) . Previous studies have highlighted that among the assessment methods of storm disaster riskincluding mathematical statistics, fuzzy comprehensive evaluation, grey system theory, mathematical modeling, simulation modeling, component weighting, artificial neural networks, principal component analysis, and analytic hierarchy processes (Hu and Zhang 2014) -there in not a single, comprehensive evaluation method that is commonly accepted for determining regional or smaller scale rainstorm disasters. In addition, geographic information systems (GIS) are typically applied to diagnose the impact of heavy rains on disaster risk because comprehensive torrential rain disaster assessment is a complex geological analysis requiring multi-source information. Traditional methods for simulating this process are very difficult to implement, but GIS can easily represent spatial and geological entities.
In recent years, artificial neural networks (ANN) have gained significant research interest and have been applied in hydrology and water resources research (Kamban et al. 2006) . As an ANN approach, the selforganizing map (SOM) (Vesanto and Alhoniemi 2000; Kohonen 2001 ) has been under exploration in a wide-spread range of disciplines regarding signal recognition (Zhang and Pan 2007) , organization of large collections of data (Cervera and Pobil 1995) , process monitoring and analysis, and modeling, as well as water resources problems. SOM-ANN have been sufficiently demonstrated in remote sensing image classification (Chen 2009 ), clustering spatioseasonal hydrogeochemical data (Nguyen et al. 2015) , hydrology partitioning (Parasuraman et al. 2006) , ecological evaluation (Kalteh et al. 2008) , and examining moisture pathways and extreme precipitation (Swales et al. 2016) .
This research presents a SOM-ANN methodology combined with GIS technology. The developed method is then applied to a quantitative waterlogging risk assessment of 56 low-lying points in Beijing, China during an urban storm on July 21, 2012.
Study Area
In recent years, the proportion of waterlogging during storm events has increased in Beijing, China (Hu and Zhang 2011), spurring research into the effects of rainstorms, such as mountain torrents, debris flow, and urban waterlogging (Li et al. 2012) . Urban waterlogging resulting from rainstorms occurs frequently. According to a recent investigation by the Beijing Office of Flood Control and Drought Relief, nineteen serious waterlogging events occurred in the main urban regions and over the 6 districts of Beijing (Figure 1 ) during the There are about 297 low-lying points in Beijing, among which 50 low-lying points are significantly impacted by waterlogging while the others are only slightly affected by rainstorms. For the current study, a waterlogging risk assessment was conducted on 56 low-lying points during an urban storm in Beijing on July 21, 2012, and results indicate that waterlogging is a threat to urban safety, as it causes standing water in the depressions of urban overpasses and tunnels, landslides, and damage to houses. Rainstorm characteristics for Beijing in recent years are outlined in Table 1 .
Data and Methodology
Originally proposed by Kohonen, an SOM (also called Kohonen map or topology preserving feature map) is a learning algorithm that is capable of clustering, classification, estimation, prediction, and data mining (Kohonen, 1982 a, b) . The SOM applied in this study uses the method by Kalteh et al. (2007) . An SOM, as a type of ANN, is trained using unsupervised learning to produce a lowdimensional, discretized representation of the input space of the training samples from input data, called a map. In contrast to other clustering methods for unsupervised data, an SOM can be highly non-linear, directly showing similar input vectors in the input space with pointers (neurons) to the 2-D target space (Chang et al. 2007 ). The learning algorithm for training the connected weights in an SOM was based on Ham and Kostanic (2001), and further details of the algorithm can be found in Chang et al. (2007) . Using the developed and trained SOM-ANN, a graded waterlogging risk assessment was conducted on 56 low-lying points during an urban storm in Beijing on July 21, 2012. For comprehensive consideration and analysis of the influence of the rainstorm and resultant waterlogging on the social economy, personal safety, and property loss, the GDP, population density, and traffic congestion were utilized as input datasets in the study.
Network sample design
SOM-ANN model was built in MATLAB®, in which the neural network toolbox provides new, training, and simulation functions and can easily complete the entire learning process. The GDP, population density, and traffic congestion data at the selected 56 representative low-lying points in the central zone were collected from the Beijing statistical yearbook of 2013. Then, the input mode of the network was formed as
k is the samples number; n is the number of input elements.
The model had 56 samples in total, with each sample consisting of three elements. So, k=1, 2, ..., 56, n=3.
Network design
A competitive layer structure was first determined, followed by constant adjustment of the network structure. Results from using the SOM-ANN were compared to results from using the k-means method. Furthermore, to choose the optimal classification rank, the function "train" and simulation function "sim" were used.
Results
Between the two approaches for waterlogging risk classification, we found that the SOM-ANN was able to identify homogeneous regions more precisely than the k-means method. In the k-means method, silhouette analysis can be used to study the separation distance between the resulting clusters. The silhouette plot displays a measure of how close each point in one cluster is to points in the neighboring clusters and thus provides a way to assess parameters like number of clusters visually. This measure has a range of [-1, 1] . When 56 samples were divided into 3 to 5 grades, the silhouette values were positive (generally >0.2) in the k-means results (Figure 3 ). SOM-ANN had the highest imitation degree when the data were divided into 5 classifications (Figure 4) . The higher the imitation degree, the more reasonable the classification is. From the 3 classification results, 5 grades were the most appropriate since this scheme had the greatest correlation coefficient (close to 1) between SOM-ANN and k-means (see Table 2 ).
The risk level of waterlogging was divided into 5 grades expressed by Roman numerals-I, II, III, VI, and V (Table 3 and assigned to the remaining points. A waterlogging risk grade map was developed using ArcGIS and MATLAB, as shown in Figure 5 . Points in risk grades IV and V were mainly concentrated in the districts of Chaoyang, Haidian, Xicheng, and Dongcheng, with 5-8 points in each (Table 4) .
Conclusions and Discussion
Using SOM-ANN, a graded waterlogging risk assessment was conducted on 56 typical low-lying points in the central zone of Beijing. Concepts of social risk, such as GDP, population density, and traffic congestion, were utilized in the study. The results indicate that SOM-ANN, as a type of unsupervised method, is suitable for graded assessment of waterlogging risk. The SOM-ANN can effectively overcome the interference of subjective factors, producing classification results that are more objective and accurate. In this study, we compared the difference of various grading schemes by using three, four, or five grades. An objective evaluation found that five grades was the most satisfactory classification number. A higher grade represents a greater risk.
Using the developed model to assess a rainstorm even, ten points were classified into risk grade V, including Chaoyangmen, Dongzhimen, and Dongsishitiao Bridges, etc. Risk grade IV was assigned to 17 points, including Nongzhan, Taiyanggong, and Sihui Bridges, etc. Low risk grades were assigned to all other points. Points in risk grades IV and V were mainly located in the districts of Chaoyang, Haidian, Xicheng, and Dongcheng.
Compared with actual waterlogging experience in recent years, the graded results acquired using SOM-ANN are scientifically sound and reasonable. The higher risk assignments were mainly due to blocked drains and impermeable surfaces. The planning of urban flood control and drainage water Sqeuclidean*, cityblock**, correlation*** were selected as distance measure in the approach of K-means. Sqeuclidean* means the Squared Euclidean distance. Cityblock** means Sum of absolute difference. Correlation*** was calculated by one minus the sample correlation between points (treated as sequences of values). systems is not perfect. River courses and lakes have been diverted, and urban construction has ignored the natural flood plains. Urban drainage pipe networks and pump station design standards do not account for torrential rainfall. Rainwater reuse has not been sufficiently implemented, which has contributed to the insufficiency of the urban storm flood emergency capacity. Low surface permeability around depression regions, for instance at overpasses, increases the potential for severe damage. It is critical for Beijing to immediately decrease waterlogging by all possible measures, including but not limited to urban rainfall resource utilization, development of urban waterlogging drainage standards, improvement in the level of urban drainage pipe network and pump station construction, and strengthening of the urban storm flood emergency disposal capacity.
Macroscopic layout and reasonable planning is essential for prevention of waterlogging. The SOM-ANN model developed in this study should provide useful information for meeting this difficult challenge.
